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ABSTRACT ~ 

/ s ’ c / D  r’ 
The luminosity produced by aluminum pro jec t i l e s  impacting aluminum 

ta rge t s  a t  a veloci ty  of 2.5 kilometers per  second has been measured i n  
a small t es t  chamber a t  ambient a i r  pressures from 4~10-~ t o  2x10-1 
millimeters of mercury. The luminosity a f t e r  impact i s  found t o  vary 
d i r e c t l y  with pressure t o  a power less  than 1. Spectral  l i nes  charac- 
t e r i s t i c  of t he  t a r g e t  and p ro jec t i l e  mater ia l  have been ident i f ied  i n  
impacts of aluminum pro jec t i l e s  i n to  t h e  following ta rge ts :  
(b)  aluminum coated with sodium s i l i c a t e ,  and ( c )  so l id  rock. 

( a )  aluminum, 
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INVESTIGATION O F  IMPACT FLASH 

AT LOW AMBIENT PFC3SSuRES 

By Robert W. MacCormack 

National Aeronautics and Space Administration 
Ames Research Center 
Moffett Field, C a l i f .  

INTRODUCTION 

This invest igat ion of impact f l a sh  was begun t o  determine the  
f e a s i b i l i t y  of a proposal by Dr. John O'Keefe of t he  National Aeronautics 
and Space Administration's Goddard Space F l ight  Center. O'Keefe proposes 
t o  drop a mass on the  dark s ide  of the moon, observe t h e  spectrum of the  
f l a s h  produced on impact, and s o  determine the chemical cons t i tu t ion  of 
t he  lunar  surface.  The success of the proposal depends upon the  produc- 
t i o n  of s u f f i c i e n t  rad ia t ion  containing spec t r a l  l i n e  and band s t ruc ture ,  
as opposed t o  grey-body continua, t o  permit qua l i t a t ive  analysis  of t he  
mater ia ls  present  i n  the  absence of an atmosphere. 
pressure a t  the  surface of the  moon is thought t o  be less than ear th  
atmospheres ( r e f .  1). 

The atmospheric 

Early work i n  t h i s  f i e l d  has been conducted a t  the University of 
Utah by Clark, Kadisch, and Grow ( re f .  2 ) .  
l i n e s  a r e  the  predominant fea ture  of t h e  f l a s h  obtained from impacting 
copper spheres in to  copper t a r g e t s  a t  a ve loc i ty  of 2.2 km/sec i n  an atmos- 
phere of argon a t  a pressure of 60 t o r r ,  or 60 mm of H g .  I n  an atmosphere 
of hydrogen a t  a pressure of 635 t o r r ,  however, the l i n e  s t ruc tu re  is not 
detectable ,  and the f l a s h  is  dimmer by a t  least two orders of magnitude. 
They concluded t h a t  impact f l a s h  r e su l t s  primarily from the  co l l i s ions  
between spray p a r t i c l e s  e jec ted  f romthe  c r a t e r  and the  surrounding atmos- 
phere, and thus presented a qua l i ta t ive  theo re t i ca l  explanation f o r  t h i s  
difference (see Theoretical  Considerations). On the  other  hand, Gehring 
and Sieck ( r e f .  3) s tudied the  f l a s h  from the  im-pact of nylon spheres with 
sand t a r g e t s  a t  ve loc i t ies  of 2.1, 2.6, and 3 . 1  km/sec, and found, i n  t e s t s  
with a i r  a t  pressures from 4~10-~ t o  80 t o r r  and with helium a t  pressures 
of 4 and 76 t o r r ,  no apparent s ign i f icant  e f f e c t  of t he  composition or the  
pressure of the  gas surrounding the  area of impact on the  magnitude of the  
impact f l a sh .  

They found t h a t  atomic copper 

The present  paper deals  with the onset and spectrum of rad ia t ion  due 
t o  impact of aluminum pro jec t i l e s  into aluminum and basa l t  rock t a rge t s .  
The onset  of rad ia t ion  has been reported here because the  e f f ec t s  of con- 
f i n k g  the  tes t  i i i  i3. siiiaii vviurne may cnange the  peak in t ens i ty  and t o t a l  
rad ia ted  energy. The onset, on the  other hand, should not be a f fec ted  
because the  volume from which the radiat ion emanates l i e s  wel l  shor t  of 
t h e  w a l l s .  2 
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THFORETICAL CONSIDERATIONS 

The spectrum of a self-luminous event i s  expected t o  consis t  of l i n e  
emission by atoms, band emission by molecules, and a continuum by t h e  hot 
surfaces of so l ids  and l iqu ids .  
t o  be present.  Because grey-body radiat ion car r ies  l i t t l e  information 
about the  chemical const i tut ion of the emitter,  the  present analysis  is 
r e s t r i c t e d  t o  l i n e  and band spectra  only. 

In  an impact event, a l l  three a re  expected 

If, during cratering, there  i s  a mechanism by which the  atoms and 
molecules of the  t a r g e t  and p ro jec t i l e  mater ia l  can be vaporized and 
excited,  t he  rad ia t ion  so  produced would be independent of the  atmosphere 
surrounding t h e  t a rge t .  
and atmospheric pa r t i c l e s  would be, however, dependent upon the  atmosphere. 
Ejecta t ravel ing a t  ve loc i t ies  as much as t r i p l e  the impact speed have 
been observed; t h i s  high-speed matter may be expected t o  rad ia te  i n  the  
same manner as meteors i f  a gas i s  present.  

Radiation produced from the  in te rac t ion  of e jec ta  

Atoms and molecules can be excited by absorbing incident rad ia t ion  or 
by a t r ans fe r  of k ine t ic  energy from other atoms or molecules. 
producing excited electronic  s t a t e s  can be accepted by the  atom or mole- 
cule only i n  d i sc re t e  quant i t ies  or quanta. 
can then decay t o  a lower state by the emission of a photon. 
process of exc i ta t ion  of atoms and molecules is  by co l l i s ion  with other 
p a r t i c l e s .  Let us consider an interact ion,  scat ter ing,  between two 
p a r t i c l e s  of mass ml and m2, from which a photon, of energy hv, may be 
emitted. 
ve loc i ty  V. 
are 

Energy 

The excited atom or molecule 
The primary 

Let p a r t i c l e  2 be  i n i t i a l l y  a t  r e s t  and p a r t i c l e  1 have the  
The equations f o r  the  conservation of energy and momentum 

l / h l V 2  = 1/2mlv12 + l / 2 m 2 ~ 2 ~  + hv 

m l v  = m l f l  + m 2 f 2  + (hv/c)E 

where v1 and v2 a re  the  respective p a r t i c l e  ve loc i t ies  a f t e r  sca t te r ing ,  
h i s  Planck's constant, v the  frequency of the  emitted radiat ion,  and 
c the  veloci ty  of l i gh t .  The bars  in  the  momentum equation indicate  
vectors  and E i s  a u n i t  vector i n  the d i rec t ion  of propagation of t he  
photon. Solving these f o r  
be emitted, we a r r ive  a t  a 
between the  two pa r t i c l e s .  

a minimum V, f o r  a photon 
threshold equation f o r  the 

of frequency v t o  
r e l a t ive  veloci ty  

3 
Vmin 

2(ml + m2)hv + (hv/c)2 =J m 1 m 2  
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Table I contains values of Vmin computed f r o m t h i s  equation. For 
each value, p a r t i c l e  1 is  an aluminum atom and v 
radiat ion emitted by an aluminum atom when an electron jumps from i t s  
f irst  excited state t o  the  ground s t a t e .  

i s  the  frequency of 

TABLE I 

v = 7 . 5 7 ~ 1 0 ~ ~ s e c - ~  (3962 A.U.)  
Pa r t i c l e  1: aluminum atom 

Lead atom 5 
Aluminum atom 6.7 
Nitrogen molecule 6.6 
Argon atom 6.1 
Helium atom 13.2 
Hydrogen molecule 17.9 

Radiation produced so le ly  by interact ion of p ro jec t i l e  and t a rge t  i s  
expected t o  depend upon the p ro jec t i l e  mass, shape, and veloci ty  and the 
materials involved. All other factors  remaining equal, t ab le  I shows t h a t  
higher atomic or molecular weights of t he  t a r g e t  mater ia l  lead t o  lower 
threshold ve loc i t ies ,  and therefore t o  an increased probabi l i ty  of satis-  
fying the threshold condition f o r  excited s t a t e s .  
energy i n  the impact zone, temperature and pressure, i s  generally greater  
f o r  higher t a rge t  atomic o r  molecular weights. This e f f ec t  should a l so  
increase the  amount of radiat ion for  t a rge t s  of high atomic or  molecular 
weights. 

Also the spec i f ic  

The same considerations show tha t  rad ia t ion  produced by e jec ta  
in te rac t ing  with the  atnosphere should depend on atmospheric composition. 
If a l l  variables except ambient pressure a re  held constant, higher pres - 
sure and therefore  higher atmospheric density should r e s u l t  i n  a compressed 
time sca le  and hence a higher r a t e  of increase of luminosity. 

DESCRIPTION OF APPARATUS 

The apparatus ( f i g .  1) consisted of the  gun, the  range, and the 
instrumentation. 
sabot -mounted, 1/8 -inch-diameter aluminum spheres a t  a veloci ty  of 2.5 
km/sec. 
t he  p r o p s e f i  i ~ p c t  v e l ~ c i t y  ~f t h ~  Ranger i-ocket G i i  tile I I ~ V U ~ ~ .  

mounted model w a s  f i r e d  in to  a b l a s t  tank containing gas a t  pressures of 
about 400 t o r r ,  where the sabot and powder gases were stopped. 
consisted of an impact chamber, llxll cm i n  cross section, and a 10-foot 
length of s t a in l e s s  s t e e l  pipe connecting the chamber t o  the b l a s t  tank. 

A comerc ia l  220 S w i f t  sporting r i f l e  was used t o  f i r e  

This veloci ty  i s  approximately equal t o  lunar escape velocity,  - nine sabot- 

The range 
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A 1/2-mil mylar diaphragm between t h e  b l a s t  tank and s t e e l  pipe sepa- 
ra ted  the range from the  b l a s t  tank. 
t a i n  t h e  pressure difference of 400 t o r r  and y e t  not f r ac tu re  the  
penetrat ing model. 
gases from reaching the  tes t  chamber u n t i l  a f t e r  t he  luminosity measure- 
ments had been made. 
4-inch o i l  diffusion pump. Range pressure was measured with a McLeod type 
gage. The inside of the impact chamber w a s  blackened t o  reduce re f lec ted  
l i g h t .  The time var ia t ion  of luminous in t ens i ty  of the  f l a sh  was measured 
with a W o n t  6292 photomultiplier tube. This tube is  sens i t ive  t o  radia-  
t i o n  between t h e  wavelengths 3500 and 5500 A.U. ,  or approximately half  the  
v i s i b l e  spectrum. 
t r a i n  was  measured using a ribbon filament lamp, ca l ibra ted  by the  National 
Bureau of Standards, and a grat ing monochrometer. 
tube, together with a ca l ibra ted  neutral  density f i l t e r ,  w a s  arranged as 
a "pinhole camera" ( f i g .  2 )  with the op t i ca l  axis i n  the  plane of the 
t a r g e t  surface. 
ta ined a l l  points  within approximately 4 centimeters of ,  and uprange of ,  
t h e  o p t i c a l  axis. 
which provided time axes. 
thread of s i l v e r  painted on the  mylar diaphragm. 
recorded peak luminosity and an accurate measurement of t he  time between 
rupture of the diaphragm and impact, from which p r o j e c t i l e  veloci ty  w a s  
calculated.  The second oscilloscope, t r iggered in t e rna l ly  by the f l a s h  
and sweeping a t  a much f a s t e r  r a t e ,  measured the  va r i a t ion  of luminosity 
with time. On severa l  rounds a Huet C I  spectrograph, with a camera lens 
aper ture  of f/O.7 and a dispersion of 150 A.U. per  mm a t  4350 A.U. and 
500 A.U. per  mm a t  5500 A.U., was used t o  record spectra .  

The diaphragm w a s  su f f i c i en t  t o  main- 

The 10-foot length of pipe prevented the  blast- tank 

t o r r  with a The range could be evaculated t o  

The absolute spec t ra l  response of t he  e n t i r e  op t i ca l  

The photomultiplier 

The volume i n  the t e s t  chamber viewed by the  system con- 

The phototube output w a s  recorded on two oscilloscopes 
One oscilloscope w a s  t r iggered by breaking a 

This oscilloscope 

RESULTS AND DISCUSSION 

Luminosity Studies 

Figure 3 shows two oscilloscope t races  of luminosity produced by 
l /8-inch aluminum spheres impacting aluminum targe ts  i n  a i r  a t  ambient 
pressures of 1.6~10-~ t o r r ,  and 8x10-~ t o r r .  
1.6~10-~ t o r r  is double peaked. 
the  f a s t e s t  pa r t i c l e s  of e j e c t a  s t r i k e  the impact chamber w a l l s .  
8 x 1 0 - ~  t o r r  the luminosity from secondary impacts is nearly masked by the 
primary impact f l a sh .  
rad ia t ion  appears t o  be suppressed. It should be s t a t e d  again t h a t  the 
luminosity measurements r e f e r  t o  radiation between the wavelengths 3500 

a log-log p l o t  of the i n i t i a l  rate of increase of luminosity i n  watts 
per  4n s teradians per  microsecond versus ambient pressure.  
f o r  se lec t ion  of t h i s  parameter i s  discussed i n  the  Introduction. 
p lo t ,  which covers a range of pressures from 4~10-* t o  2x10-1 t o r r ,  shows 

The impact f l a s h  a t  
The second peak occurs shor t ly  a f t e r  

A t  

A t  the  highest t es t  pressure the  secondary impact 

and 5500 A.U. from a small volume aboiit. t,he L x a c t  p i n t .  Figui-e is 

The reason 
This 
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t h a t  the  onset r a t e  of luminosity varies approximately as the  ciabe 
root  of t he  ambient pressure, which is qua l i t a t ive ly  consistent with 
Clark, e t  al .  The duration of flash,  t he  time from i n i t i a t i o n  t o  t h e  
decay t o  one-half peak value, i s  approximately 4 t o  5 microseconds f o r  
pressures below 10-1 t o r r ,  but  t h i s  may be influenced by the  test-chamber 
s i z e .  The energy of rad ia t ion  calculated from the  area beneath t h e  
luminosity-time curve on t h e  oscilloscope t r aces  is  of t he  order of 
lo3 ergs a t  
energy. 

t o r r ,  or about percent of t he  p r o j e c t i l e  k ine t i c  

Spectrographic Studies 

Since the  ult imate application of t h e  present t e s t  r e su l t s  r e s t s  on 
analysis  of spectra,  several  tests were recorded with a conventional 
v i s ib l e - l i gh t  spectrograph. 

Figure 5 shows three densitometer t races  of spectra obtained from 
impact f lash.  The top t r ace  is f o r  an aluminum ta rge t  coated with sodium 
s i l i c a t e  and an ambient a i r  pressure of 8 x 1 0 ~ ~  t o r r .  
feature is the  atomic sodium D doublet a t  about 5890 A.U. 
a l so  detectable a t  about 3950 A.U., the  approximate wavelength f o r  
rad ia t ion  from excited aluminum atoms. 
indicates  a fairly large number of col l is ions a t  ve loc i t ies  grea te r  than 
t h e  threshold of 6.6 km/sec (roughly 2.6 times the  impact ve loc i ty) .  
t he  middle t r a c e  the  t a rge t  w a s  aluminum without sodium s i l i c a t e  and the  
ambient pressure w a s  1.ZX10-3 t o r r .  
two l i n e s  of aluminum a t  3944 and 3962 A.U. Manganese l i n e  s t ruc ture  i s  
seen a t  4034 A.U. along with the  unavoidable sodium. 
with those expected f o r  AlO are a l so  present .  Manganese i s  found by 
chemical analysis  t o  be present i n  the aluminum al loys of both t h e  t a r g e t  
and p r o j e c t i l e  and also, it should be added, i n  the  s t e e l  of the impact 
chamber; sodium is  found on everything. Sodium D l i n e  radiat ion was 
found on a l l  spectra .  
and t h e  ambient pressure was 2 X l O - l  t o r r .  
a t  4227 A.U., and aluminum and the bands of aluminum oxide a re  detectable .  
Sodium, aluminum, and calcium, a l so  an exceptional rad ia tor ,  a re  found i n  
b a s a l t  as oxides. 
aluminum i n  the  rock. 

The predominant 
Two l ines  a re  

The presence of these l a t t e r  l i n e s  

For 

The predominant features  a re  the  same 

Bands consis tent  

Basalt rock was the  t a r g e t  f o r  t h e  bottom t r ace  
The l i n e s  of sodium, calcium 

Aluminum i n  the p ro jec t i l e  may mask the  e f f ec t  of 

CONCLUDING 

The r a t e  of onset of luminosity from high-speed impact depends upon 
t h e  atmosphere surrounding the  ta rge t .  This r e s u l t  i s  consistent with 
those of Clark and appears t o  disagree with those reported by Gehring 10 



1 1 1 1  

r: 
1 1 1  " L s  

Q, 
Fc) 



11 

and Sieck. 
f a c t  t h a t  t he  luminosity measurements of Clark, as w e l l  as those of t h i s  
paper, were made of a metal impacting a s o l i d  and Gehring and Sieck's 
were made on a p l a s t i c  impacting a granular mater ia l .  I n  the  shocked 
impact region, t he  pressure, which is responsible f o r  the  acceleration of 
e jec ta ,  i s  expected t o  be greater  fo r  a metal impacting a s o l i d  than for 
a p l a s t i c  impacting a granular ta rge t .  
in te rac t ing  with the  atmosphere, may not cons t i tu te  a s igni f icant  
quant i ty  of radiat ion i n  Gehring and Sieck's tests.  
t h e i r  luminosity measurements may be rad ia t ion  produced en t i r e ly  by the  
mechanics of crater ing.  

A possible  explanation for  t h i s  disagreement centers on the  

The luminosity, produced by e jec ta  

The pr inc ipa l  p a r t  of 

A t  t he  low ambient pressures of t he  present t e s t s  t he  observed 
spec t ra  contain l i n e  and band features  consis tent  with the elements known 
t o  be present.  
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